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Propellant  kinetics,  and  funded  in  part  by  AFWL,  Fund  PD  71-1-9990)1, 
during  the  period  July  1970  to  November  1970. 


The  vibrational  excitation  of  11F  behind  incident  shock  waves  is 
discussed.  The  effect  of  fluorine  atoms  upon  the  subsequent  relaxation 
process  is  considered. 
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ABSTRACT 


The  vibrational  excitation  of  HF  occurring  beh  S  4100*^ 

waves  has  been  studied  in  the  temperature  range  °*“°°  ' \J°e  J, con- 
The  extent  of  excitation  was  determined  as  a  function  of  tine  y 
tinuously  monitoring  the  emission  intensity  from  the  1-0  ba"d 
Entered  at  2.3p.  The  data  were  interpreted  in  terms  of  the  process 


HF (0)  +  M  -  HF(1)  +  M 


and  gave  a  value  of 


(tp)hf  “  lo9'2±°'lexp 


atm-1sec' 
T  ' 


for  H  -  HF.  The  corresponding  result  foi ;  obtained  fo/the^ 

2X£  S  F°atoms8upon°the^ relaxation  rate.  i....  it  was  found  that 


(tp)HF/(TP)F  *  18  t  1 
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SECTION  I 

INTRODUCTION 

12  3 

The  current  interest  in  chemical  lasers  ’  ’  has  generated  a  need 
for  kinetic  information  concerning  energy  exchange  processes  that  govern 
excited  state  lifetimes.  We  report  here  some  results  for  one  such  process, 
i.e.,  that  concerning  the  vibrational  relaxation  of  liF.  Tne  only  data 
currently  available  for  this  molecule  are  the  indirect  result  of  Talrose 
concerning  its  deactivation  by  H.  and  some  preliminary  resultB  of  Airey 
concerning  its  self-catalyzed  de-excitation. 
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SECTION  II 


EXPERIMENTAL  PROCEDURE 

The  shock  tube  was  of  conventional  design  and  has  been  described 
adequately  elsewhere.6  Shock  detection  was  by  means  of  ionization  gauges. 

The  shock  tube  and  gas  handling  system  were  found  to  have  a  leak  rate  of 
less  than  10_3torr  per  minute.  Absorbed  water  was  removed  from  the  walls 
by  repeated  treatment  of  the  shock  tube  and  gas  handling  system  with 
fluorine  gas. 

The  relaxation  process  was  followed  by  monitoring  the  infrared  emission 
intensity  as  a  function  of  time.  Spectral  isolation  was  accomplished  by  use 
of  a  NaCl  prism  monochrometer  (Perkin-Elmer  Model  98).  Detection  of  radiation 
at  2.5u  was  by  means  of  an  InSb  photovoltaic  detector  coupled  to  a  low  noise 
broadband  (10  MliZ)  amplifier.  The  detection  system  was  found  to  have  a 
risetime  of  less  than  0.4ps. 

The  slit  function  for  the  spectrometer  system  was  determined  by 
monitoring  the  emission  intensity  from  the  spin  reversal  reaction, 

2pi  2  *  2p3/2’  of  Br  at°mS  Ut  3680  CI"_1)  Wl'iCh  h“d  bee”  Bh°ck1heated  t0 
450f)i50K.  The  latter  measurement  gave  a  half  width  of  300  cm  , 

Argon  and  hydrogen  fluoride  having  stated  purities  of  99.998%  and  99. 9X, 
respectively,  were  purchased  from  ilathieson.  The  Ar  was  used  without  further 
purification.  However,  the  HF  was  further  purified  by  evacuation  to  1  torr 
at  -75*0  followed  by  warming  at  0‘C  at  which  temperature  the  HF  was  slowly 
distilled  from  the  container.  Fluorine  for  this  study  having  a  measured 
purity  of  99.9%  was  prepared  at  Stanford  Research  Institute  . 

Mixes  of  Ar,  HP,  and  F2  containing  0.9%  HF,  and  0-3%  F2  were  prepared 
and  stored  in  stainless  steel  tanks.  Immediately  before  using  a  gaseous 
mixture  its  HF  and  F2  contents  were  determined  by  reading  its  optical 
densities  at  2.5  and  0.285u,  respectively,  on  a  Beckman  UK-2  spectrophotometer 
equipped  with  a  stainless  steel  absorption  cell  having  sapphire  windows. 
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A  calibration  of  tlia  spectrophotometer  for  liF  was  affected  by  titration 
of  a  standard  base  solution  with  binary  mixtures  of  HF  and  Ar.  A 
corresponding  calibration  for  F2  was  obtained  by  measuring  absorption 
coefficients  of  freshly  prepared  mixes.  All  pressures  were  measured  with 
Wallace  and  Tiernan  gauges  with  a  precision  of  tl%. 
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sixth;.,  til 


CAI.CUl.ATIUiJS 

The  emission  intensity,  K,  behind  the  incident  shock  wavt  increases 
exponentially  with  time  and  was  treated  in  a  manner  analogous  to  that  given 
In  reference  8.  For  those  data  having  a  relaxation  time  under  3u  sac,  a 
correction  for  the  presence  of  the  detector  was  made  by  means  of  a  solution 
of  the  equations 


do 

dt 


—  (I>0) 

s 


and 


dl% 

dt 


(1) 


where  t  is  the  molecular  relaxation  timct  t  is  the  relaxation  time  of  the 

s  9 

monitoring  system,  and  0  is  the  observed  voltage.  Declus  bns  sliown  that, 
Av  "  »  1  transitions,  toe  emission  intensity  summed  over  several  states  is 
a  correct  measure  of  the  total  vibrational  energy  of  the  molecule.  In  the 
temperature  range  of  the  present  study,  only  contributions  from  v-1  states 
are  of  major  consequence. 
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SECTION  IV 


RESULTS  AND  DISCUSSION 

Values  for  the  vibrational  relaxation  time  at  one  atmosphere  pressure, 
ip,  are  presented  as  a  function  of  temperature  in  Figure  1.  In  an  attempt 
to  separate  the  effects  of  11F  and  Ar  as  collision  partners,  the  following 
expression  was  fitted  to  the  data: 

_i_  -  JL  +  (2) 

TP  Ttp)HF  W)Ar 


where  X  is  the  mole  fraction  for  11F  in  the  mix.  Tl.e  results  show  that 
(Tp)  >  >  (TP)|jpt  disallowing  an  accurate  measure  for  (tp)Aj.«  Indeed, 
the  data  can  all  be  treated  as  though  Ar  were  not  present.  The  result  of 
this  assumption  is  Illustrated  in  Figure  1.  The  relaxation  data  for  all 
binary  mixes  of  HF  and  Ar  can  be  described  by  means  of  the  following  equation: 


(tp) 
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<J.2±0.1  ,-f>4+4 


exp( 


11F 


.  -1  -1 
atm  sec 


(3) 


The  experimental  results  described  by  equation  (3)^  have  been  compared 
to  the  theory  of  Schwartz,  Slawsky,  and  Herzfeld  (SSH)1"  and  the  rotation- 
vibration  theory  of  Moore11.  Method  b.vas  used  for  the  SSU  calculation  with 
the  parameters  e/k  -  360‘K  and  o  -  3.3A  for  the  Lennard-Joncs  potential. 

The  latter  values  correspond  to  those  tabulated  for  HC1  by  hirschfelder 

et  al1^.  The  comparison  is  shown  in  fable  I. 

Although  the  theory  of  Moore  more  closely  approximates  the  experi¬ 
mental  data,  both  theories  give  relaxation  times  that  are  too  long  by  more 
than  an  order  of  magnitude.  Furthermore,  neither  theory  gives  i  good 
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description  of  the  observed  temperature  dependence  of  the  relaxation 
process.  The  very  large  discrepancy  between  the  SSH  theory  and  the  data 
may  be  due  in  part  to  an  underestimate  of  the  potential  parameter,  e/lt* 
Nevertheless,  this  theory  is  also  in  error  when  compared  to  the  analogous 
data  for  11C113. 

Finally,  the  effect  of  added  fluorine  upon  the  relaxation  rate  is 
illustrated  in  Figure  2.  Calculations  based  upon  the  results  of  oiesen 
give  a  half  life  for  F2  ranging  from  1  to  100  psec  under  the  conditions  of 
our  experiments.  Consequently,  the  effects  illustrated  in  Figure  suggest 
that  the  catalyst  in  the  present  instance  is  the  F  atom.  In  an  attempt  to 
evaluate  the  efficiency  of  F  atoms  relative  to  that  of  HF  in  relaxing  the  11F 
molecule,  entire  relaxation  profiles  have  been  reproduced  by  means  of  a 
nonequilibrium  computer  program15  which  solves  the  rate  equations  simultaneously 
with  the  conservation  equations.  The  following  mechanism  is  assumed: 

HF(0)  +  UF  -  HF(1)  +  hF  (*> 

F2  +  H  -  2F  +  M 

HF(0)  +  F  “  HF(l)  +  F  «>) 

the  rate  constant  for  equation  (4)  waB  estimated  initially  from  equation  (3), 

14 

and  k,.  was  taken  from  Diesen  . 

The  occurrence  of  reaction  (5)  causes  the  temperature  to  drop  by  as 
much  as  200°K  during  a  typical  test.  Consequently,  account  must  also  be 
made  of  the  temperature  dependence  of  the  process 

I1F(1)  -*•  HF(0)  +  hv 

Values  for  the  quantity  E„/[UF(1)J  have  been  computed  from  the  experimental 
data  and  are  found  to  have  the  following  temperature  dependence: 
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10"8*K„/[HF(1)1  -  0. 6*0.1  +  (0.11±0.04)x10"3(T)  (H) 

Although  {HF (1) ]  varied  by  a  factor  of  20,  no  concentration  dependence  of 
these  apparent  radiancies  could  he  detected.  Reference  to  equation  (8) 
shows  that  for  a  temperature  change  of  2U0°K  there  is  no  significant  cnange 
in  E  / [UF(1) ] .  Consequently,  the  true  voltage,  E,  is  a  direct  measure  of 
[IlF(l)  ]  ■  Finally,  equation  (1)  is  used  to  compute  E  from  tne  observed 
voltage,  0. 

Computed  relaxation  profiles  and  experimental  data  are  shown  in  compari¬ 
son  in  Figure  3  for  several  tests.  The  beat  fit  of  the  experimental  data 
resulted  when  the  following  rate  constants  were  employed: 

k.  »  0.7X10 V10870/Rr  ec/inole/ sec  CD 

and 


18k, 


(10) 


The  mathematical  form  of  k4  is  dictated  by  the  input  required  for  the  computer 

program.  ^ 

At  2000  V,  k4  is  1.6  X  1012  cc/mole/sec.  Haver  and  Schieler  nave 
used  the  hard-sphere  collision  theory  coupled  to  the  Jolmstou-Parr  method 
of  estimating  activation  energies  to  obtain  a  rate  constant 


k  =*  0.35xl0n(T)e“11OO/Rr  cc/mole/s: 


for  the  rate  of  the  li-atom-abstraction  reaction 
F  +  l IF  -  Fll  +  F 

At  2000°L,  the  rate  constant,  k^  »  3.3xl013  cc/mole/sec,  is  indicated. 
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Therefore,  if  vibrational  energy  transfer  occurs  by  il-atom-abstraction, 
approximately  3%  of  all  collisions  between  F  atoms  and  IlF  molecules 
must  be  effective.  This  compares  favorably  to  the  fraction  of  such 
collisions(ca.'v6%)  which  have  sufficient  energy  to  cause  a  vibrational 
transition  in  HF.  Accordingly,  it  is  reasonable  to  assume  that  reaction  (6) 
proceeds  by  h-atom-abstraction. 
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SECTION  V 


CONCLUSIONS 

The  vibrational  relaxation  of  HF  in  a  binary  nix  of  HF  and  Ar  proceeds 
predominantly  by  collisions  between  HF  molecules.  The  current  theories  of 
vibrational  energy  transfer  were  unable  to  describe  the  data  with  satis¬ 
factory  precision;  however,  the  assumption  of  rotation  -  vibration  interaction 
does  give  an  order-of-magnitude  estimate. 

The  high  efficiency  of  F  atoms  in  vibrationally  relaxing  HF  can  be 
plausibly  explained  on  the  basis  of  H-atom-abs traction  by  translationally 
"hot"  F  atoms. 
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Table  1 


Comparison  of  Theory  with  Experiment 
for  HF  -  UF  Collisions 
Vibrational  Relaxation  Times  (psec.atm) 


T°K 

Moore  (V-R) 

SSU(V-T) 

Obs. 

1500 

2.2 

690 

0.18 

2000 

0.8 

140 

0.11 

2500 

0.4 

44 

0.08 

3000 

0.2 

18 

0.08 

10 


TP  |/u SEC.  atm| 


7  P  \  v  SEC.-atm) 


3500  3000  2500 


1500 


Figure  2.  Vibrational  Relaxation  of  HF  in 
the  Presence  of  Added  F^ 
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Figure  3a.  Comparison  of  Computed  and  Observed  Relaxation  Profiles 
for  Mixes  Containing  No  Added  F2  and  4.  8  Perceit  HF 


kU  I  UJ 
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Figure  3b.  Comparison  of  Computed  and  Observed  Relaxation  Profiles 
for  Mixes  Containing  3.  0  Percent  Added  F2  and  4.  8 
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j|.  SUPPLEMENT  ARY  NOTES 

12.  SPONSORING  MILITARY  ACTIVITY 

Air  Force  Rocket  Propulsion  Laboratory 
Air  Force  Systems  Command,  USAF 
Edwards,  California  93523 

me  vioraturaai  — — - o  -  -  , 

waves  lias  been  studied  in  the  temperature  range  of  1400  K  to  4100  K. 
Tlie  extent  of  excitation  was  determined  as  a  function  of  time  by  con¬ 
tinuously  monitoring  the  emission  intensity  from  the  1-0  band  of  HF 
centered  at  2.5u.  The  data  were  interpreted  in  terms  of  the  process 


HF(0)  +  M  -  HF(1)  +  M 


and  gave  a  value  of 


(TP)"p  -  109,2±0,1exp  ('^73)  atm^sec"1 


for  M  -  HF.  The  corresponding  result  for  (tp).*  was  found  t0  de 
ficant  in  comparison  to  this  result.  Data  were  also  obtained  for  the 
effect  of  F  atoms  upon  the  relaxation  rate,  l*e«,  it  was  found  that 


^p)Hf/(tp)f 


*  18  ±  '1 
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